Theoretical models based on several hypothesized attenuation mechanisms are discussed in relation to published data on the effects of pressure and fluid saturation on attenuation. These mechanisms include friction, fluid flow, viscous relaxation, and scattering. The application of these models to the ultrasonic data of ToksGz et al (1979, this issue) indicates that friction on thin cracks and grain boundaries is the dominant attenuation mechanism for consolidated rocks under most conditions in the earth' s upper crust. Increasing pressure decreases the number of cracks contributing to attenuation by friction, thus decreasing the attenuation. Water wetting of cracks and pores reduces the friction coefficient, facilitating sliding and thus increasing the attenuation. In saturated rocks, fluid flow plays a secondary role relative to friction. At ultrasonic frequencies in porous and permeable rocks, however, Biot-type flow may be important at moderately high pressures. "Squirting" type flow of pore fluids from cracks and thin pores to larger pores may be a viable mechanism for some rocks at lower frequencies. The extrapolation of ultrasonic data to seismic or sonic frequencies by theoretical models involves some assumptions, verification of which requires data at lower frequencies.
INTRODUCTION
To reasonably evaluate and interpret laboratory measurements generally made at ultrasonic frequencies (-1 MHz) and, more importantly, to extrapolate these results to seismic frequencies, a precise definition of the mechanisms involved in attenuation along with their pressure and frequency dependence is needed. Numerous mechanisms have been proposed and each may be considered to have a greater degree of importance to the overall attenuation under certain physical conditions. These mechanisms include: matrix anelasticity, including frictional dissipation due to relative motions at the grain boundaries and across crack surfaces (Walsh, 1966) ; attenuation due to fluid flow, including relaxation due to shear motions at pore-fluid boundaries (Walsh, 1968 (Walsh, , 1969 Solomon, 1973) ; dissipation in a fully saturated rock due to the relative motion of the frame with respect to fluid inclusions (Biot, 1956a,b; Stoll and Bryan, 1970) ; squirting phenomena (Mavko and Nur, 1975 ; O' Connell and Budianski, 1977); partial saturation effects such as gas pocket squeezing (White, 1975) ; energy absorbed in systems undergoing phase changes (Spetzler and Anderson, 1968) ; and a large category of geometrical effects, including scattering by small pores and large irregularities and selective reflection from thin beds (O' Doherty and Anstey, 1971; Spencer et al, 1977) . Of these mechanisms listed, all except the geometrical effects are dependent upon intrinsic rock properties and will be considered here. It is our purpose to evaluate these mechanisms in terms of experimental data in order to determine under what conditions one or more may be dominant in causing the overall attenuations of both P-and S-waves.
We begin by examining the published data on seismic wave attenuation in rocks under varying physical conditions, highlighting important features that contribute to our understanding of the mechanisms involved. In the second section, attenuation mechanisms along with available theoretical formulations are presented. In the final section, the theoretical models are compared to the data obtained by Toksbz et al (1979, this issue). Our main emphasis in this part will be to determine the relative importance of the mechanisms in contributing to the overall attenuation and to examine to what extent laboratory data may be used to infer rock properties from seismic data obtained in the field. Our discussions will be limited primarily to fully saturated and completely dry competent rocks under pressures up to a few kilobars and at the relatively low temperatures that might be encountered in geophysical exploration.
ATTENUATION DATA
Seismic body wave attenuation has been measured for many rock types over wide ranges of physical conditions and frequencies, and by many techniques. Unfortunately, the systematics of attenuation behavior with pressure, temperature, and saturation conditions has not been adequately measured. nor is it well understood. With some exceptions, laboratory determinations of attenuation are limited to specific rocks under one physical state. However, an overview of these data can provide useful information on the nature and mechanics of attenuation in upper crustal rocks. In this section, individual determinations of attenuation will be briefly summarized, followed by a more extensive review of pertinent data.
The data examined here have been obtained by numerous experimental techniques. including pulse transmission of several types, resonant bars, and slow stress cycles. Each method determines a different measure of attenuation. The most commonly found quantities in the literature are the attenuation coefficient (Y, for a plane propagating wave in an infinite medium; the logarithmic decrement 6: and the dissipation factor Q-r. or its inverse, tl~c quality factor Q. The relationships among these arc given by: where V = velocity and f= frequency. We will deal with the parameters Q-' , Q, and cr exclusively.
A representative sample of individual attenuation measurements is listed in Table 1 along with other pertinent parameters. A summary of individual measurements taken from the compilation by Bradley and Fort (1966) is shown graphically in Figure 1 , where Q as a function of rock type and rock porosity is plotted. The values taken are generally at surface pressure, although they cover wide frequency and saturation ranges. Figure 1 shows the wide variability of attenuation in rocks and a general trend of Q inversely proportional to porosity. As noted by many investigators (Wyllie et al, 1962; Knopoff, 1964; Bradley and Fort, 1966 ; and others), the accumulation of individual attenuation measurements has led to a series of generalities that may be applied to the nature of Q in crustal rocks. These are summarized below, with references to later sections of this paper where certain effects are discussed in more detail. (Pinkerton, 1947) , so that in some highly porous and permeable rocks the total Q-' may contain a frequency dependent component (Born, 1941; Wyllie et al, 1962) . This component may be negligible at seismic frequencies, even in unconsolidated marine sediments (Hamilton, 1972) .
(4) Pressure and stress dependence.-Observations show that attenuation decreases with increasing confining pressure. This is usually considered to be due to the closing of cracks in the rock matrix. Data supporting this and theoretical models of the pressure effects will be discussed later. For applied nonhydrostatic stress, the attenuation appears to be anisotropic (Merkulova et al. 1972; Walsh et al, 1970) . For shear (S) waves polarized normal to the axis of maximum compression, attenuation is lowJest due to the closure of cracks with faces normal to this axis (Lockner et al, 1977) . At high differential stresses, the onset of dilatancy increases the attenuation (Lockner et al, 1977).
(2) Strain amplitude.-Attenuation appears to be independent of strain amplitude for low strains such as those associated with seismic waves (Mason, 1958; Gordon and Davis, 1968 
Attenuation as a function of saturation conditions
Although of great interest to the exploration community, relatively little experimental work has been done on the nature of attenuation as a function of saturation conditions. Even published data must be examined critically due to the inherent difficulties involved in partial saturation work. Unfortunately, little or no detailed description is given in the experimental literature about the techniques of fluid satura- Since it is unlikely that water reacts strongly with alundum. we favor the explanation that different vvetting properties cause the different saturation effects observed. In real rocks. of course, a combination of the two mechanisms is likely. The effect of fluid type, i.e., viscosity, has been discussed in detail by Wyllie et al (1962) and Nur and Simmons (1969a) . The dependence of attenuation on fluid viscosity is complicated and not at all obvious from results presented by Wyllie et al (1962) . Taking these data at face value, it would appear that very large viscosity fluids (e.g., glycerol) result in small fluid contributions to attenuation. This is reasonable for some attenuation mechanisms such as fluid flow, in that higher viscosity fluids decrease the effective permeability. However, Nur and Simmons (1969a) have shown that the viscosity effect is frequency dependent, consistent with a relaxationtype mechanism. In their experiment, a Barre granite (porosity = 0.6 percent) was saturated with glycerol which has a viscosity extremely dependent on temperature. Thus, by varying the temperature of the saturated sample, the effect of viscosity on velocities and relative attenuation of P-and S-waves is measured. The attenuation of S-waves as a function of pore fluid viscosity is shown in Figure 6 . The relaxation peak occurs at a viscosity where the charac- So far, we have considered data only for lowporosity rocks, either dry or completely saturated. However. the pressure effect for a partially saturated Berea sandstone has been studied by Gardner et al (1964) . Both extensional and torsional Q values were determined using resonance techniques at frequencies up to 30 kHz. External influences on the sample, such as losses into the pressure medium, were considered. These data are shown in Figures 4 and 5.
The same general behavior is seen for the data in Toksoz et al (1979) for dry, methane-, and watersaturated Berea sandstone at ultrasonic frequencies using the pulse transmission technique. The Q, however, levels off at a lower pressure than for the igneous and metamorphic rocks.
The variation of attenuation with pressure for Pand S-waves was also studied for a variety of rock types by Al-Sinawi (1968). A pulse transmission technique using 122 kHz transducers was used and the confining pressures for which measurements were taken were 0.5, 1, and 2 kb. All of the rocks studied were sedimentary except a granite gneiss and a volcanic tuff. Al-Sinawi found. as observed before, that both (Ye, and (Y, decreased with pressure. In some rocks, particularly limestones, the pressure effect is different however. this is not complctcly described.
ATTENUATION MECHANISMS
As a first approximation, we will assume that attenuation mechanisms are independent of each other. Thus. we may consider each mechanism separately and then combine the results to determine the overall attenuation. More specifically, we will consider separately the relative effects of the matrix anelasticity. the viscosity and flo\+ of saturating fluids, and scattering from inclusion\. The pressure dependence of these effects will be included. In all these cases. the available theoretical formulations are not very rigorous. They are guided primarily by experimental observations and. as a u hole, should be treated as empirical relationships. The calculation of effective elastic properties, necessary for the determination of attenuation. is discussed in Appendix A.
The method used is that of Kuster and Toksiiz (1974) and ToksGz et al (1976).
Attenuation due to matrix anelasticity Attenuation of seismic waves in a rock matrix can be attributed to two factors: (I) intrinsic anelasticity of matrix minerals. and (2) frictional dissipation due to relative motions at the grain boundaries and across crack surfaces. The intrinsic anelasticity of minerals is generally small. In individual crystals. Q values are generally higher than a few thousand, while in the whole rock. Q values are normally lower than a few hundred. Thus, in considering matrix attenuation, it is reasonable to neglect the intrinsic attenuation in minerals and to consider only the attenuation across grain surfaces and thin cracks.
The importance of frictional dissipation is supported by the observation that Q is generally independent of frequency, as predicted by this mechanism. However, friction across crack surfaces cannot account for all the anelasticity of the matrix. As pointed out by Walsh (1966) , rocks subjected to confining pressures high enough to close all cracks still exhibit nonzero attenuation. Thus, it is necessary to consider. in addition to dissipation across crack surfaces, an "intrinsic" anelasticity of the aggregate minerals.
The exact mechanism of grain boundary and crack dissipation is not known, but frictional dissipation due to relative motions of the two sides may be the ma.jor factor (Walsh. 1966) . If this is the case, then the attenuation should depend very strongly on the surface conditions that affect friction between grains. Among these are whether rocks are saturated or dry, the properties of saturating fluids, and the amount of clay or other soft components in the matrix. It is difficult to formulate attenuation due to grain boundary and "frame anelasticity" effects since this requires detailed knowledge of crack and grain boundary properties. Walsh (1966) formulated the problem by approximating the cracks as ellipsoids in plane strain. For random orientation of cracks, the Q values for compressional and shear waves were computed using the friction coefficient K, effective Poisson' s ratio u*, and matrix and effective rock moduli as parameters. The resulting expression for P-waves in an infinite medium i\ too complicated to be presented conveniently but has the following form: 
where F(K) is a function of the fi-iction coefficient. For reasonable values of the friction coefficient and Poisson' s ratio, Q,/Qs may be found by numerically evaluating equations (2) and (3) (Walsh, 1966 Although friction explains much of the observed behavior of attenuation in rocks, the calculation of absolute values requires the specification of too many unknown parameters (e.g., friction coefficients and the number and radii of cracks whose surfaces are in contact). Furthermore, these parameters most likely will change with saturation conditions. However, the Walsh formulation [equations (2) and (3)] is useful in determining the effect~ofptessure on the frictional mechanism.
To formulate this pressure dependence, we assume: 
where 2 is a small quantity and includes variations in u* and F(K, CT*). Using assumption 2, E + 0. Substituting equation (4) 
These results can then be used in equations (A-l) and (A-2) to determine the effective moduli, velocities, and attenuation. Since CC, is arbitrary, the constant A is a free parameter and must be found empirically.
At first glance. the exponential decay of Q-l with pressure predicted by equation (8) may not seem reasonable. As stated before, the attenuation of many rocks at high pressure is nonzero. However, equation (8) describes only the effects of cracks which control the behavior of the elastic and anelastic properties at relatively low pressures. If one considers a rock with an extremely low total porosity but moderate crack porosity such as a granite, then equation (8) may truly represent the pressure dependence of Q-l. This is indeed observed in the data from Gordon and Davis (1968) shown in Figure 9 . For rocks such as sandstones, however, we must consider the intrinsic aggregate anelasticity to contribute to the observed attenuation at pressures where the cracks are closed. In our models, this is determined empirically and assumed to be constant with pressure.
One further consideration is the difference between surface (atmospheric) pressure Q values for the dry Berea sandstone determined by the ultrasonic pulse method (Toksiiz et al, 1979 ) and values obtained by dynamic resonance (Gardner et al. 1964 , and unpublished data by the authors). Compared on a common basis, the Qp value for the pulse technique is about 20, while for the resonance method it is higher than 50. The discrepancy is smaller for the saturated case. Two explanations are possible: either the friction mechanism as we understand it does not provide a frequency-independent Q, or the attenuation is dependent on strain amplitude. Some evidence favors the latter. Winkler and Nur (1978) reported that Q rapidly decreases with increasing strain at a strain of about 10m6. This may be due to the presence of asperities in the cracks which inhibit sliding until a threshold amplitude is exceeded. The higher amplitude ultrasonic pulses (strain >10m6) may thus be able to cause sliding on these rough surfaces and result in a higher attenuation. In the saturated case, crack surfaces are lubricated and the threshold amplitude is lower. Our own resonance data on the Berea sandstone and on Plexiglas (Johnston and Toks' bz, 1978) corroborate the amplitude threshold theory. A discontinuous increase in attenuation was observed in the sandstone.
However, no such increase was observed in the crack-and grain-boundary-free Plexiglas. This result strengthens the idea that a crack or grain boundary friction mechanism may result in amplitude attenuation. It may be valid, therefore, to compare experimental and in-situ results only when assured that factors such as strain amplitude are equivalent. and our analysis of squirting flo\+ will also include the formulation for viscous relaxation.
In highly porous and permeuhlc rocks, relative motion may take place between the rock frame and the saturating fluid as seismic waves propagate. Biot (l956a. b and l962a, b) derived a theory for acoustical wave propagation in an isotropic solid with interacting pores. This theory can bc used to calculate both velocity and attenuation. Biot theory predicts the existence of three types of botl! waves. two dilatational and one shear. One dilatational wave is highly attenuated and resembles a diffusion wave. The other is the P-body wave that travels with little attenuation or dispersion. A formulation of Biot' s theory has been developed by Stall and Bryan (1970) and Stoll (1974 Stoll ( , 1977 and has been adopted for this study.
As with attenuation due to viscous shear relaxation, the viscous resistance to fluid flow is frequencydependent for oscillating motion. Below a certain frequency. dependent on the fluid properties and pore characteristics. this resistance is given by the ratio of the fluid viscosity 77 to the physical permeability x and may be considered approximately constant. describing Poiseuille flow. At higher frequencie,, turbulent flow develops in which the effects of viscosity are felt only in a thin boundary layer. In general, the elastic moduli of the frame in this formulation may be complex, allowing for the anelasticity of the frame. Since this effect is considered separately in this study, the imaginary parts of the frame moduli are set to zero. Numerical calculations carried out by Stall and Bryan (1970) indicate that frame anelasticity dominatca the fluid flow effects at lower frequencies (f< 10' Hz). At high frequencies, the fluid flow contribution could be detected for high-porosity rocks if the permeability is also high. In this case, the frequency dependence of the attenuation coefficient is f' at lower frequencies and f"." at higher (f? IO kHr) frequencies. , 1976) . In general. permeability decreases with increasing pressure. hut the rate of decrease depends on the total porosity and fraction of crack porosity. In highly porous and permeable consolidated rocks. the bulk of the porosity and permeability is contained in the large aspect ratio pores which do not close under pressure. Fatt and Davis (1952) found a maximum rrduction in permeability of 25 percent at 350 bars for the sandstones, while for a granite the reduction may be as much as an order of magnitude (Frangos, 1967) . However. since the effect of fluid flow is negligible in all but the highly permeable rocks. we need only consider data on that type. Measurements of permeability in unconsolidated Ottawa sand (Zoback and Byerlee, 1976) show a slow reduction up to 800 bars. where it drops off rapidly to level off again between 2000 and 3000 bars. The acceleration in permeability loss at 800 bars is presumably due to grain crushing and pore collapse. However. the applicability of this study to consolidated rocks is uncertain. and it could not easily be modeled. We shall assuntc that the per-meability of highly porous rocks is constant with pressure-. T' hc effectofthis is to give any upperbound on the contribution due to fluid flow on attenuation.
For frequencies at which Poiseuille flow is valid. the attenuation coefficient N for the P-type body wave varies as the square of the frequency (Q-' mf). At higher frequencies, Biot derived a correction factor to the fluid viscosity and found that cy is proportional to fnB(Qm' xcf-I"). Shear wave attenuation involves
Several investigators have proposed attenuation mechanisms by which flow is induced between two adjacent connected cracks due to the relative volume change caused by the stress wave (Mavko and Nur. 1975 ; O' Connell and Budiansky, 1977). These are commonly known as squirting mechanisms, and while they are not important at ultrasonic frequencies, they may be so at sonic or seismic frequencies. The elastic model of Toksliz et al (1976) is particularly useful in treating these mechanisms in that a distribution of crack aspect ratios is uniquely determined and pressure gradients between cracks may be readily calculated.
Flow in any squirting mechanism is generally from small aspect ratio (thin cracks) to large aspect ratio (pores) voids. Thus, the flow field within the crack may be approximated by the flow between two infinite plates. as is done bye Mavko and Nur (19775) dynes/cm' , we find that g = 1.6 X lo6 poise or. more generally. ,p = 1.6/o& poise. This mechanism is readily included in the elastic moduli formulations by finding g from equation (13) and then substituting to find K' to be used in the elastic moduli calculations.
Other sources of attenuation
In many cases, rocks in the crust are partially saturated by two or more fluids-air and w' ater, oil and brine, gas and oil, to name a l' cw. The effect of partial saturation on velocity is fairly well known; however, its effect on attenuation is not as well understood. Apparent attenuation of seismic waves propagated through gas-sands imply that the effect can be large. One problem encountered is the distribution of the saturants in the rock frame. Not only are largescale irregularities in partial saturation found in rock formations, but the distribution on a smaller scale. pore to pore, may change. Gas bubbles in water or oil are more likely to occupy space in pores with larger aspect ratios than in the finer cracks, where the friction and relaxation mechanisms are mole important. The latter effect is evident from the data at low saturations discussed earlier and shown in Figures 2-5 .
Several mechanisms involving the presence of free gas in the pores may contribute to the attenuation in partially saturated rocks. This is illustrated in Figure  10 . Gas bubbles have several effects. First, the pore fluid bulk modulus is reduced. facilitating flow even under very small pressure gradients. (St011 (1977) suggested that in this case, conversion to Biot diffusion-type waves at an interface can result in substantial energy loss. Squirting flow would also bc enhanced. Secondly. bubble squeezing and moving in particular may contribute to a decreased Q. Thus. in partially saturated rocks, the attenuation may be greater than in the fully saturated case. A small amount of fluid is required to lubricate cracks and grain boundaries to facilitate sliding and energy loss due to friction. The presence of gas bubbles. on the other hand, enhances energy dissipation mechanisms operative at full saturation. and further loss may result from motions of the bubbles themselves. This enhanced attenuation. particularly. concerns mechanisms dependent on pressure gradients induced by P-M aves.
An attenuation model describing the effects of large-scale irregularities (on the order of 10 cm) in \aturation conditions has been proposed by White (1975) . The porous rock model contains spherical pockets saturated with gas with the iest of the volume saturated with liquid. Loss due to fluid flow is enhanced at the gas-liquid interfaces. White showed that for the particular model chosen. attenuation due to this mechanism can be important at seismic frequencies. There is some debate. however. as to the occurrence of the saturation irregularities.
Several other mechanisms for attenuation have been proposed. although their applicability to upper crustal rocks is debatable. Several of these mechanisms may be operable in the upper mantle, however. such as grain boundary relaxation, relaxation caused by a phase change. and a "high temperature background" attenuation probably related to Nabarro diffusion (Jackson and Anderson. 1970). Experimental evidence suggests little change in attenuation as a function of temperature at relatively low tempcratures (Volarovich and Gurvich. 1957) when rock is not cracked and saturating fluids are not altered. However. near phase changes. attenuation could change rapidly with temperature. High attenuation has been observed at critical points in multicomponcnt systems (Spctzler and Anderson. 1968; Wang and Meltzen. 1972). Energy is absorbed by a medium whose equilibrium is disturbed by a stress wave. The frequency at which this occurs is dependent on the rate at which phase equilibrium can follow the changes imposed on it by the wave (Spetzler and Anderson. 1968 ). This mechanism may result in high attenuation in certain geothermal areas.
Finally. wse consider the effective attenuation due to scattering by inclusions in the rock. Although this is a geometrical effect. it can. in some cases. affect the observed attenuation. Yamakawa (1962) . These models will then be extrapolated to other frequencies. The application of these models to previously reported data is difficult, because absolute values of attenuation appear to be unreliable in some cases, and parameters needed in the calculations are unavailable in other cases. The procedure taken involves first modeling the attenuation in the dry rock in order to establish the needed parameters for the friction mechanism and intrinsic attenuation in the absence of fluid-associated mechanisms. These parameters will then be used in the modeling of the saturated sample data. An important (but probably valid) assumption made here is that all attenuation mechanisms that occur in dry rocks also occur in wet ones. Given the parameters obtained from the dry case, we may examine in more detail the relative importance of the mechanisms contributing to the attenuation in the brine-saturated case as a function of pressure. In particular, since the attenuation due to Biot-type fluid flow. squirting, and scattering are readily calculable. it remains to bc seen what the contribution due to the presence of pore fluid is in terms of the friction mechanism and intrinsic aggregate anelasticity. The approach taken here is empirical, and thus the models presented have no absolute predictive ability.
The elastic moduli. fluid, and frame properties used in modeling the Berea sandstone are listed in Table 2 sure is assumed to be constant at I bar.
The pore aspect ratio distribution at surface (atmospheric) pressure in Table 3 The introduction of brine as the pore saturant results in no change in the parameter A, since the crackclosing rate is the same as for the drl case, determined by the static rather than the dynamic effective bulk modulus.
In the preceding section. the role of fluids in determining the attenuation was discussed. In particular. water may soften and lubricate the matrix, resulting in a higher attenuation due to a friction type mechanism, especially for S-waves. Since the contributions Table 2 , the contribution due to friction remains to be seen in modeling the saturated data. This must be determined empirically. One important constraint, however. is the low Q, especially Qs, at high pressures. This implies that a mechanism which is relatively independent of pressure. such as Biot fluid flow. is required under those conditions. The fluid flow contributions to the attenuation are calculated as described in the previous section. Given the attenuation due to all the mechanisms other than friction. it is found that to fit the data, one must choose a zero pressure Q,, of 15 and a Qs of 10 for friction. These low values of Q relative to the dry case indicate that brine saturation increases the attenuation due to friction by almost a factor of two. Although the data may be fit with a fluid viscosity of 1 cp, a better fit is obtained by allowing the effective viscosity to be 4 cp. This might be expected from experimental measurements of the viscosity of water in clay-water systems (Low, 1959) . Such an effect would predict a higher attenuation in rocks with higher clay content. Furthermore, while not necessary, the best fit to the data shown in brine-saturated case, are easily seen in Figure 13 showing Q;i for each mechanism as a function of pressure. The small increase in the fluid flow contribution at low pressures is an artifact of the calculations. As would be expected, friction across cracks and grain boundaries is dominant at low pressures but becomes less important as cracks close. Since the bulk of the porosity and permeability is unaffected under the pressure conditions of interest, the fluid flow contribution to attenuation remains relatively constant with pressure and becomes an increasingly important mechanism. Obviously, at some pressure the porosity and permeability of the rock will break down, and one should expect a rapid increase in Q. Using the Berea sandstone properties from model calculations. we shall now examine in more detail the individual contributions of each mechanism for the fully saturated case and extrapolate these results to other frequencies. The interpretation of these models must remain strictly within the confines imposed upon them. That is, it is assumed that strain amplitudes are equivalent to those in the laboratory experiment and that no other mechanisms contribute to attenuation at frequencies other than those at 0.5 MHz.
A theoretical overview of the relative contribution of each mechanism considered is shown in Figure 14 . Here, the P-wave attenuation coefficients are plotted as functions of frequency for a surface pressure con- nisms to the attenuation in the Berea sandstone is small in the frequency band of interest, even at surface pressure. Furthermore, the effect of pressure, as seen in Figure 15 , is to close cracks contributing to both the squirt flow and viscous relaxation, thus lowering even further their associated attenuations. Scattering by inclusions produces a negligible effect, except at very high frequencies, where this mechanism clearly dominates. A larger scatterer radius will shift this curve to lower frequencies.
We finally combine both the frequency and pressure behavior of attenuation in our saturated Berea sandstone model in Figure 17 , where the total Qp of the rock is shown. For low differential pressures, Qp remains essentially unchanged as a function of frequency, reflecting the importance of the friction mechanism. Qp increases with differential pressure, and at high pressures and low frequencies (<lo4 Hz), Qp is greater than 100. Qp decreases with increasing frequency at higher pressures due to the increasing contribution of Biot flow. Finally, at very high frequencies (10' Hz), Qp decreases sharply because. of scattering.
While the ultrasonic attenuation data may be understood and modeled by several mechanisms, some problems exist in the extrapolation of these data to lower frequencies. As discussed earlier, the frequency dependence of the important friction mechanism is Figures 12, 14, and 15. not clearly established. Furthermore, strain amplilimiting value we call the intrinsic aggregate tudes at seismic exploration frequencies may not be anelasticity. This is probably due to grain the same as those used in ultrasonic measurements, boundaries and fine structure relatively unaffected thus-invalidating the absolute estimates of Q. Howebye pressure. ever, theoretical models such as the ones presented 3) In totally dry rocks, the attenuation is less than in this paper, provide a method of comparing laborain wet or saturated rocks. The introduction of fluid tory data taken under controlled conditions with into a dry rock will wet crack surfaces and grain in-situ data. One has to be aware, however, that the boundaries. By this crack lubrication. frictional contributions of mechanisms that may be important sliding is facilitated and the attenuation increases. at low frequencies are difficult to establish from ultra-4) In a saturated porous rock, attenuation due to sonic data unless supplementary information is availfluid flow plays a secondary role relative to friction. able. Furthermore, it is obvious that from these At low frequencies, squirting flow may be a viable models one would obtain only a point property of the mechanism, especially in the case of partial rock. For in-situ data, the intrinsic attenuation must saturation. At ultrasonic frequencies, the Biot-type be isolated from other amplitude-reducing mechafluid flow mechanism, while not necessarily nisms such as scattering, spreading, or multiple dominating, plays an important role in the overall reflections, before comparison with laboratory data. attenuation at high pressures. 
